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The Role of Chemical Composition in Determining the
Charge-Carrier Dynamics in (Agl)x(Bil3)y Rudorffites

Snigdha Lal, Marcello Righetto, Benjamin W. J. Putland, Harry C. Sansom,
Silvia G. Motti, Heon Jin, Michael B. Johnston, Henry J. Snaith, and Laura M. Herz*

Silver-bismuth-based perovskite-inspired materials (PIMs) are increasingly
being explored as non-toxic materials in photovoltaic applications. However,
many of these materials exhibit an ultrafast localization of photogenerated
charge carriers that is detrimental for charge-carrier extraction. In this work,
such localization processes are explored for thermally evaporated thin films of
compositions lying along the (Agl), (Bil;), series, namely Bil;, AgBi,|,, AgBil,,
Ag,Bil;, Ag;Bil, and Agl, to investigate the impact of changing Ag* /Bi** con-
tent. A persistent presence of ultrafast charge-carrier localization in all mixed
compositions and Bil;, together with unusually broad photoluminescence
spectra, reveal that eliminating silver will not suppress the emergence of a
localized state. A weak change in electronic bandgap and charge-carrier mobil-
ity reveals the resilience of the electronic band structure upon modifications
in the Ag* /Bi** composition of the mixed-metal rudorffites. Instead, chemical
composition impacts the charge-carrier dynamics indirectly via structural
alterations: Ag-deficient compositions demonstrate stronger charge-carrier
localization most likely because a higher density of vacant sites in the cationic
sublattice imparts enhanced lattice softness. Unraveling such delicate
interplay between chemical composition, crystal structure, and charge-carrier
dynamics in (Agl),(Bil;), rudorffites provides crucial insights for developing

a material-by-design approach in the quest for highly efficient Bi-based PIMs.

1. Introduction

The unprecedented success of lead halide
perovskite (LHP) based solar cells, now
yielding power conversion efficiencies
(PCE) exceeding 26%,['* has created a new
paradigm for emergent photovoltaic (PV)
applications. However, concerns around
poor stability and toxicity of LHPs, as
well as the urgency of developing efficient
and stable wider-bandgap semiconductors
for tandem solar cell applications,>™]
have catalyzed the study of alternative
metal halide semiconductors. In recent
years, chemical intuition has guided the
exploration across the vast compositional
space of emerging semiconductors: on
the one hand, the poor thermal stability
associated with the presence of volatile
organic cations [1%1] has raised the interest
in all-inorganic materials.">1 On the
other hand, due to the perceived toxicity
of lead, the search for lead-free photo
absorber materials continues to attract
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significant attention in this domain.['216-19]

Within  this  compositional  space,
bismuth-based  semiconductors  have
emerged as a promising alternative to
LHPs. Bi** is non-toxic and shares with Pb?* the so-called “lone
pair” ns’np® valence shell configuration, associated with strong
band-edge absorption, low charge-carrier effective masses, and
defect tolerance exhibited by LHPs.[?-2%] Given the aliovalent na-
ture of bismuth as compared to lead (Bi** compared to Pb%*),
it cannot directly substitute lead in a perovskite crystal struc-
ture owing to net electronic neutrality requirements. Instead, Bi-
based semiconductors crystallize in a variety of modified crys-
tal structures, collectively referred to as perovskite-inspired ma-
terials (PIMs).['7] In PIMs, the common octahedral halogeno-
metallate [MX;] motif condenses into 3D or low-dimensional
networks through corner, edge- or face-sharing connections,
where charge-balance constraints are generally satisfied through
alloying with aliovalent metal substituents (like Ag* or Cu®)
or through structurally incorporated deficiencies (i.e., vacant
cationic sublattice sites). The resultant PIMs can be broadly clas-
sified into two categories: i) crystal structures with reduced struc-
tural dimensionality (as in the case of A;Bi,I, where A can be
K*, Rb*, Cs*, MA* or FA*),[2124] or ii) multinary compositions
consisting of alternating [MX,]~ and [BiX,]*~ octahedra as in
the case of double perovskites and rudorffites.22>2¢] The large
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Figure 1. Schematic illustration of the structure of mixed Ag-Bi iodides.
The diagram shows a 2D rendition of the edge-sharing octahedral net-
work with the black spheres representing the anionic sublattice, and col-
ored spheres the cationic sublattice. The dual color scheme of the cationic
sublattice is used to differentiate between the layers M'X and M”X. Each
colored sphere is further divided into three segments which represents
the population distributions of Ag, Bi and vacant sites A. The population
distribution at the cation lattice site varies between the two layers and is
shown by changing the ratio of segmentation of the colored spheres.

C‘ M’ (AgaBibAc)

effective charge-carrier masses and low defect formation ener-
gies for deep traps in dimensionally reduced A,Bi, I, have been
shown to underlie the unremarkable PCEs reported for solar
cells based on this light absorber material.l?¥’] On the other
hand, while enhanced thermal stability %] and long charge-
carrier diffusion lengths have been reported for Ag-Bi double
perovskites such as Cs,AgBiBr,,***!] their indirect bandgap and
the higher-lying direct transition in the UV make this material
less suitable for PV applications.[*?] Despite exhibiting optically-
allowed direct transitions, the double perovskite Cs,AgTIBr; is
deemed unsuitable for PV applications due to the toxicity of
T3+ [33]

Silver-bismuth iodide (Ag-Bi iodide) rudorffites are a family of
fully inorganic bismuth halide semiconductors that were origi-
nally discovered as potential ionic conductors [3* and have re-
cently attracted attention as PV absorber materials.**>’] In con-
trast to low dimensional A;Bi,l;, Ag-Bi iodides crystallize in
a 3D network and, unlike the archetypical double perovskite
Cs,AgBiBr,, retain strong absorption in the visible part of
the spectrum.3¢38] Denoted by the general chemical formula
(Agl),(Bil;), (or, alternatively, Ag,Bi I, ), Ag-Bi iodides crystal-
lize in the above-mentioned rudorffite crystal structure, building
on an edge-sharing [Agl,] and [Bil;] octahedral network. Each
cationic sublattice site can be understood as a joint, disordered
population of monovalent Ag*, trivalent Bi**, and neutral va-
cancy A, that is, the cation sublattice site is disorderedly occu-
pied by Ag®, Bi** or a vacancy (which refers to an empty sub-
lattice site). Turkevych et al. describe the crystal structure of Ag-
Bi iodides as alternating [M'X] and [M’X] layers where M’ and
M" are cationic lattice sites with differing combinations of pop-
ulation distribution (M’ = Ag,Bi,A_ and M" = Ag, Bi;,A_).3%
An illustration of the crystal structure showing the disordered
cation population is shown in Figure 1. The possible combi-
nations of occupancies are constrained by stoichiometric and
charge neutrality rules, thus restricting the number of phase-
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stable compositions. An in-depth discussion of the composition-
dependent occupancies can be found in the Supporting Infor-
mation. Among other compositions satisfying these constraints,
four have been reported and studied across a range of literature
reports mainly for photovoltaic applications: AgBi,I,, AgBil,,
Ag,Bil;, and Ag,Bil.[3+39-44]

Despite favorable optoelectronic properties including strong
absorption in the visible range, long-range charge-carrier mo-
bility values exceeding 1 cm? V! s7! and lifetimes extending
into the nanosecond timescale for Ag-Bi iodides,[***] the max-
imum PCE achieved by solar cells has to date been limited
to =5.4%,°l significantly lower than those attained by lead-
halide perovskite-based devices. Such underperformance may
be linked with an ultrafast charge-carrier localization process
reported for a wide variety of Ag-Bi semiconductors including
Cs,AgBiBr,, 32 Cs,AgSb, Bi, Br,[*] Cu,AgBil 81, AgBiS, (],
and Cu,,(AgBi), I, [°%, thus raising profound questions on the
potential of these materials for PV application. This charge-
carrier localization process has been ascribed to the ultrafast for-
mation of a “small polaron” state,[*2*®! occurring within picosec-
onds after the original photoexcitation of a highly delocalized
large polaron, which yields significantly reduced long-range mo-
bilities. While Wu et al. pointed toward strong acoustic-phonon
deformation potentials in Bi-based compounds and easily de-
formable Ag—halide bonds as the key contributors to charge-
carrier localization in Cs,AgBiBr,>!) Buizza et al. highlighted
the importance of electronic dimensionality (i.e., the degree of
overlap for band-edge orbitals) by examining the impact of in-
creasing Cu* content in Cu,,(AgBi), I, on the extent of charge-
carrier localization.®®] However, intriguingly, not all bismuth
halides exhibit such ultrafast charge-carrier localization: it has
recently been shown that the bismuth halide derivative BiOI dis-
plays no such effects, despite lowered dimensionality and the
presence of significant electron-phonon coupling.52%3! Clearly, a
deeper and more comprehensive understanding of the origin of
charge-carrier localization in Bi-based semiconductors remains
lacking and highly relevant. Crucially, it raises a question on the
integrality of Ag-halide incorporation to the emergence of ultra-
fast charge-carrier localization in Ag-Bi semiconductors.

In this study, we investigate the charge-carrier dynamics in a
series of thermally evaporated (Agl),(Bil;), thin films in order
to elucidate the structure-property relationships that determine
charge-carrier localization in Ag-Bi halide rudorffites. By using
a combination of X-ray diffraction (XRD) and UV-vis absorp-
tion, we report a surprising invariance of the band gap in the
(Agl),(Bil;), thin film series despite significant changes in the
crystal structure. In contrast, extremely broad and monotonously
shifting emission observed using photoluminescence (PL) spec-
troscopy is consistent with the presence of strong electron-
phonon coupling and reveals the impact of varying Ag/Bi ra-
tio on the excited state of charge carriers. Our conclusions are
further validated by comparing the charge-carrier dynamics in
the (Agl),(Bil;), thin film series using a combination of ul-
trafast THz-conductivity and transient absorption spectroscopy
probes. We are thus able to independently trace the photocon-
ductance and photoinduced charge-carrier population, thereby
revealing the temporal evolution of charge-carrier mobility in
these materials. We interpret the obtained results by corre-
lating the structural vacancy incorporation in the (Agl),(Bil;),
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Figure 2. a) Experimental X-ray diffraction patterns of (Agl),(Bils), thin films (see Figure S7, Supporting Information for the XRD pattern of Agl thin

films) taken using Cu-Ka, as the radiation source. Impurity peaks belonging to Bil; and Agl are marked with (#) and (*) respectively. Reflections from
the z-cut quartz substrate are marked with (+). b) Linear optical absorption spectra for the (Agl), (Bil3), thin films series, for compositions Bils, AgBi, |,
AgBily, Ag,Bils, and Ag;Bilg measured by reflection-transmission spectroscopy. The y-axis corresponds to the absorbance of the thin films calculated

as the product of the absorption coefficient (a) and thickness of the film.

crystal structure and the strength of charge-carrier localization,
which we ascribe to vacancy-mediated lattice softening. Finally,
through a comparison of alloyed ternary compositions (Ag-Bi io-
dides) with the binary precursor compositions (Bil; and Agl),
we show that the presence of silver-halide bonds is extrane-
ous to ultrafast charge-carrier localization. By examining the
influence of alloying-mediated structural variation on charge-
carrier dynamics in (Agl),(Bil;),, our results address a key re-
search gap and educate the strategy for future semiconductor
design.

2. Results

(Agl),(Bil;), thin films used in this study were deposited on z-cut
quartz substrates using dual-source co-evaporation of Bil; and
Agl followed by thermal annealing. The obtained compositions
are in good agreement with the nominal compositions of Bilj;,
AgBi,1,, AgBil,, Ag,Bil;, and Ag;Bil;, as measured using scan-
ning electron microscopy energy dispersive X-ray spectroscopy
(SEM-EDX). Details of the fabrication procedure along with the
exact composition of the thin films can be found in the Support-
ing Information.

2.1. Crystal Structure and Optical Absorption

To gain insight into the phases formed in the thin films, we car-
ried out XRD measurements and performed phase identification
and unit cell analysis by using the Pawley fitting method. The
XRD patterns of Bil; and Ag-Bi iodide thin films are shown in
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Figure 2a; the corresponding Pawley fits for Ag-Bi iodide films
can be found in Figure S1 (Supporting Information). The XRD
pattern for the Agl thin film is shown in Figure S7 (Supporting
Information). The fitting of the XRD pattern of Bi-rich AgBi, [, re-
vealed the co-existence of two ternary phases (trigonal and cubic)
in the fabricated thin film, whereas only one ternary phase was
obtained for the other Ag-Biiodide compositions. Impurity peaks
associated with Bil; were detected in all Ag-Bi iodide thin films
with Ag-rich Ag;Bil; thin film showing additional impurity peaks
associated with Agl. As previously shown by Khazaee et al,l**] the
gradual increase in Ag* content is accompanied by an increase in
unit cell volume, derived largely from the progressive elongation
of the c-axis (see Table S2, Supporting Information for unit cell
parameters and phase information). This can be attributed to the
incorporation of the larger ionic radius of Ag* compared to Bi**
as the crystal structure transitions from the CdCl, octahedral mo-
tifin the AgBi, I, and AgBil, compounds to the NaVO, octahedral
motif found in Ag,Bil; and Ag;Bil,.”® Figure S2 (Supporting
Information) shows the top view scanning electron microscopy
(SEM) images of the silver-bismuth iodide thin films. The grain
sizes observed are of the order of hundreds of nanometers, in
line with previous reports.[3>3%>°]

Figure 2b shows the linear absorption spectra for Bil; and
the four Ag-Bi iodide compositions with the absorbance repre-
senting the product of the absorption coefficient and the thick-
ness of the film. All measured compositions show a broad on-
set of the absorbance at 1.8 eV, in line with previously reported
spectra.363%944 We note that in the presence of such a broadened
onset, the estimated band gap is highly dependent on the method
used to analyze the absorption onset. Tauc’s method has been
widely used to extract band gaps for these materials, with values
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between 1.73 and 1.85 eV reported under the assumption of a di-
rect band gap, and slightly lower values of 1.6-1.73 eV following
the assumption of an indirect band gap.3¢43*4] However, the pos-
sible presence of excitonic contributions to the absorption spec-
trum, and the high degree of disorder and high defect density
can cause underestimated band gap values to be extracted from
Tauc’s method.l®! In contrast, we adopt Elliott's method here to
determine a band gap and decouple the excitonic and free charge-
carrier contribution. A detailed explanation of the fitting regimen
along with the extracted parameters (Table S3, Supporting Infor-
mation) and obtained fits (Figure S4, Supporting Information)
can be found in Supporting Information. From these Elliott fits,
we obtain a relatively unchanged band gap across the composi-
tions, lying between 1.96 and 2.15 eV. We note that the values
extracted here are lower than those reported by Ghosh et al. and
slightly higher than those reported in a previous work by Buizza
et al. for AgBil,.[#50]

It is interesting to note that the shape of the absorption
curve does not vary significantly with the composition. Sansom
et al. previously interpreted this through DFT-based projected
density-of-states (PDOS) calculations and suggested that band-
edge states in Ag-Bi iodides closely resemble those of Bil;, thus
providing a robust explanation for the compositional invariance
of the band gap.?®! Alternatively, it has been suggested for Ag-Bi
double perovskites that weak electronic coupling between [Agl,]
and [Bil¢] octahedra leads to a quasi-0D electronic structure close
to the band edge.’”] In such a scenario, altering the Ag/Bi con-
tent is not likely to meaningfully shift the energetic levels of the
orbitals contributing to the band edge states for alloyed compo-
sitions. All compositions exhibit a respectable absorbance of ~5
measured at 530 nm which, for the given film thicknesses of 250—
300 nm, yields absorption coefficients of #10° cm™! in line with
previous reports.3>3¢! Given the strengths of absorption coeffi-
cients, these onsets and extracted bandgaps are clearly associated
with direct optically-allowed transitions, however, we note that
this does not preclude the presence of indirect gaps below the
direct onsets investigated here.

2.2. Ultrafast Charge-Carrier Localization

The invariability of the bandgap across the (Agl),(Bil;), thin film
series raises important questions about the impact of changing
composition on the charge-carrier dynamics in the materials.
Though the presence of ultrafast charge-carrier localization in
AgBil, has been previously reported by Buizza et al.,[*°! it has not
yet been explored for the other compositions studied in this work.
Therefore, we first examine the ultrafast charge-carrier dynam-
ics in the (Agl),(Bil;), thin-film series by measuring photoin-
duced THz conductivity transients using optical-pump terahertz-
probe spectroscopy (OPTPS). As discussed previously by Wright
and Buizza et al.,[32*8] ultrafast localization (over a timescale of
~1 ps) of charge carriers radically changes the transport regime.
While immediately upon photoexcitation, charge carriers exhibit
bandlike transport, after the localization process, they diffuse
through the material using a thermally-activated hopping mech-
anism. Such hopping transport associated with the presence of
energy barriers leads to significantly reduced charge-carrier mo-
bility, making OPTPS uniquely positioned to capture the localiza-
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tion process by measurement of the THz photoconductivity with
picosecond time resolution.

Figure 3a shows the normalized OPTPS transients for the
(Agl),(Bil;), thin-film series, measured following excitation with
2.34 eV photons. It is important to note that at this excitation
energy, we do not inject charge carriers into any Agl impurities
that may inadvertently have been included, because Agl has a
band gap larger than 2.7 eV as seen from the absorption spectrum
shown in Figure S8 (Supporting Information). Notably, OPTPS
transients for all Ag-Bi iodides and Bil; show similar behavior:
an ultrafast photoconductivity decay within the first 2 picosec-
onds, which has previously been shown to be a fingerprint of
a charge-carrier localization process.[32#%58%] While in principle
other mechanisms can cause a rapid decay of the photoconduc-
tivity (e.g., exciton formation, higher-order recombination), we
note that the lack of fluence dependence for this ultrafast decay
(see below and Figure S9, Supporting Information) and its per-
sistence at low pump fluences (< 20 pJ cm~2) rules out such pos-
sible contributions from higher-order effects. We further prove
that the observed ultrafast photoconductivity decay does not re-
sult from monomolecular charge-carrier recombination, e.g. me-
diated by traps, by measuring the dynamics of the photoinduced
charge-carrier density by ultrafast transient absorption (TA) for
all the compositions in the (Agl),(Bil;), thin film series. For ev-
ery composition, the TA trace measured at 1.9 eV (shown in
Figure 3b) following a 2.34 eV excitation pulse corresponds to
photoinduced absorption (PIA), in agreement with previously re-
ported TA spectra reported for Ag-Bi iodides,**! which show a
broad, featureless PIA band ranging from 1.8 to 2.1 eV. Given the
immediate, sub-picosecond rise after photoexcitation observed
for the PIA, this signal can safely be interpreted as a signature of
the photoexcited charge-carrier density in the material. The TA
kinetics can be adequately described using a phenomenological
biexponential decay model as seen from the fits to the data (solid
lines) with an initial ultrafast decay (1/k., 7;,c &1 ps) followed
by a slow decay (1/k;, r; > 100 ps for Ag-Bi iodides). The slow
decay in case of Bil; is extremely slow and therefore the time con-
stant cannot be accurately resolved from the measured TA trace.
The extracted fit parameters are summarized in Table S4 (Sup-
porting Information). The ultrafast decay in PIA kinetics is in
agreement with previous studies on silver-bismuth halides and
Bil, and has previously been attributed to charge-carrier cooling
caused Dy scattering with phonons.l**®1 Crucially, the presence
of a substantial long-lived TA component revealed by the long
7, observed for all the thin films studied is strongly indicative of
a persistent charge-carrier population in these materials. While
the TA signal is proportional to the photoinduced charge-carrier
population AAxn, the OPTP signal is proportional to its product
with the electron-hole sum mobility AT/ Texnu. Consequently, the
drop in photoconductance observed in the OPTPS traces cannot
be solely ascribed to charge-carrier recombination (i.e., ultrafast
decay in n). Rather, the ultrafast decay observed in OPTP reflects
a reduction in charge-carrier mobility in the system, supporting
the presence of charge-carrier localization.

We further explore whether charge-carrier trapping at extrin-
sic defects could alternatively be the cause of localization as it
could theoretically also explain the concurrent long-lived TA and
diminished photoconductance. To resolve this question, we mea-
sure OPTP transients at different excitation fluences (Figure S9,
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Figure 3. a) Normalized photoinduced THz conductivity transients measured for (Agl),(Bils), thin films with nominal compositions Bils, AgBi, !,
AgBily, Ag,Bils, and Ag;Bilg after 2.34 eV pulsed excitation. The colored circles show the experimental data while the solid lines in the same color
represent fits based on the two-level mobility model described in Supporting Information b) Normalized transient absorption traces for thin films with
nominal compositions Bil;, AgBi,|;, AgBil,, Ag,Bils and Ag;Bilg measured after 2.34 eV pulsed excitation and detected at a probe energy of 1.9 eV.
The colored circles show the experimental data while the solid lines in the same color represent phenomenological bi-exponential fits to the data c)
Normalized THz-photoconductivity transient measured for an Agl thin film following 3.1 eV excitation. d) Fractional retained electron-hole sum mobility

N,
(Hioc/Hgeloc) Plotted as a function of percentage Ag content in the composition calculated as :il
Bi Ag

% 100. e) The fractional retained charge-carrier

mobility (Ujoc/Hgeloc) in Ag-Bi iodides plotted against the fractional vacancy incorporation in the cationic sublattice. The relation between composition

and the fraction of vacancies in the cationic sublattice is explained in Supporting Information. The dotted line is a guide for the eye.

Supporting Information) which show a distinct lack of fluence
dependence even toward high incident fluences (x40 pJ cm=2 cor-
responding to a photoexcited charge-carrier density larger than
10 cm~3) highlighting a lack of trap saturation behavior. Con-
sidering the moderate defect concentrations (< 107 cm™3) and
capture cross-section (~107!? cm?) reported for such materials
in previous works by Pecunia et al. and Wu et al.,[*>*!] we there-
fore conclude that the localization phenomenon is intrinsic in
nature. Thus, our observations strongly validate the presence of
intrinsic charge-carrier self-localization across all Ag-Bi iodides
and Bil,. Notably, the discovery of persistent charge-carrier local-
ization, even in Bil;, demonstrates that the presence of silver-
halide bonds alone is not the main cause driving charge-carrier
localization in Bi-halide derivatives.

OPTP transients measured for Agl following 3.1 eV exci-
tation (shown in Figure 3c) show a complete absence of any
ultrafast localization process in line with the results of pre-
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vious investigations into the charge-carrier dynamics of silver
halides.l?] We note that the absence of self-trapping in Agl
supports our conclusions on the insignificance of silver-halide
bonds to the presence of charge-carrier localization discussed
above. However, given the significantly different crystal and
band structures of Agl compared to Bil; and mixed Ag-Bi io-
dides (both of which are expected to substantially impact the
optoelectronic properties of a material),[®*%*] we refrain from
deriving conclusions by directly comparing the charge-carrier
dynamics of Agl to those observed for Bil; and mixed Ag-Bi
iodides.

Having conclusively established the presence of ultrafast
charge-carrier localization in both Ag-Bi iodides and Bil;, we
move on to investigate the electronic transport properties of
these materials. From the measured OPTP transients, we ex-
tract the effective electron-hole sum mobilities using the ini-
tial photoconductivity value (proportional to -AT/T) and the
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calculated density of photoexcited charge carriers immediately
following photoexcitation. At this point in time, generated photo-
carriers exist in their initial fully delocalized state, and therefore
the extracted mobility reflects that of the delocalized state (uyq,.),
that is, the large polaron prior to self-localization. A detailed de-
scription of the mobilities extraction procedure is provided in
the Supporting Information. As shown in Figure S10 (Support-
ing Information), Bil; exhibits the highest value for the initial
delocalized-state mobility, with g, ~1.4 cm? Vs~!, whereas Ag-
Bi halides exhibit a considerably lower uy,. of ~#0.5 cm? Vs~!.
Given that the band edge mobility of charge carriers is gen-
erally a function of the band curvature through its relation-
ship with their effective mass (m.g o [d?E/dk?]7!),[] this trend
is in line with expectations based on band structure calcula-
tions reported by Sansom et al.’% which show a more pro-
nounced band curvature in case of Bil; compared with flat-
ter band edge states for AgBil,.3°! Interestingly, gy, does not
change significantly with composition within the Ag-Bi iodide
series revealing that changing ratios of Ag/Bi content in the
material indeed does not significantly influence the band-edge
states.

We further examine the extent to which charge carriers lose
mobility as a result of the ultrafast localization process. Such
relative mobility reduction is visually apparent from the photo-
conductivity transients displayed in Figure 3a by comparison of
the conductivities attained initially and soon after the localiza-
tion process has been completed. However, to obtain more quan-
titative values, we fit the OPTP transients of (Agl),(Bil;), thin
films with a two-level mobility model developed by Wright and
Buizza et al. to capture such localization processes for a range of
Ag-Bi semiconductors.[*>*¥] The details of the model along with
the extracted parameters are provided in the Supporting Infor-
mation (Table S5). The derived fits are plotted as solid lines in
Figure 3a, which show good agreement with the experimental
data (colored markers). We extract values for mobility g, of the
localized state in addition to other parameters such as rate of
localization (k) and rate of relaxation (k;). Using the delocal-
ized mobility determined earlier, we calculate the ratio of the two
mobilities, R = .. /Hgeoc» Plotted in Figure 3d in order to evalu-
ate the trend in strength of charge-carrier localization. We con-
sider the value of R as the meaningful parameter here, because,
while p,. depends strongly on the extent of localization,[°6¢7] it
may also depend on extrinsic factors such as crystallinity and
the presence of ionized defects, and intrinsic factors such as
changes in band structure. We therefore divide y,. by the value
of pyeoc, assuming this as a baseline that may reflect trends re-
sulting from such effects. Interestingly, Figure 3d reveals that
R shows the greatest magnitude for Bil; (R ~0.13), indicating
the highest mobility retention and therefore lowest localization
effects, and drops sharply with small amounts of silver inclu-
sion (R ~0.02 for AgBi,I,). Within the alloyed silver-bismuth io-
dide series, R slightly increases for compositions with higher
silver content (R ~0.06 for Ag,;Bil;) indicating a small recovery
in mobility retention. Overall, the fractional retained mobilities
in (Agl),(Bil,), compositions considered in this study are much
lower than those reported for Cs,AgBiBr, (R ~0.3),132 Cu,AgBil,
(R ~0.45) 18], and AgBiS, (R ~0.8),/*’! showing that (Agl), (Bil5),
rudorffites are particularly prone to such self-localization
effects.
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2.3. Broadband Photoluminescence

While charge-carrier localization is known to be detrimental for
photovoltaic applications, broadband luminescence from self-
trapped exciton (or small polaron) states is considered promising
for white light generation.[%®! Thus, having confirmed the pres-
ence of charge-carrier localization in (Agl),(Bil;), thin films, we
continue by studying the photoluminescence properties of these
materials. Figure 4a—e reveals that all measured compositions ex-
hibit extremely broad PL (with FWHM =~0.5 eV for Ag-Bi iodides
and FWHM =0.3 eV for Bil;) stretching into the infrared. We
note that correctly measuring such broad PLis a challenging task,
since the spectra extend far beyond the range that can be detected
by the widely used silicon CCD detectors. We note that previously
reported PL spectra for Ag-Bi iodides have shown a PL extending
only to ~#1100 nm 1331, which corresponds to the typical Si-CCD
detector response cut-off associated with the bandgap of silicon.
In contrast, we were able to reveal the complete PL spectrum here
by extending detectivity further into the IR, using both a Si-CCD
and an InGaAs (IGA) detector and combining the spectra. The ex-
perimental procedure for measuring the PL along with a detailed
explanation of the data analysis is provided in the Supporting In-
formation.

A broad PL linewidth has previously been reported for
a range of semiconductors showing strong electron-phonon
coupling.[324832] A comparison with the absorption spectra also
reveals a large Stokes shift of several hundred meV between the
direct bandgaps determined from the strong absorption onsets
above, and the detected PL peak energies. Thus, the observed PL
is unlikely to derive from direct band-to-band transitions which
in itself is not surprising given that these materials are widely ac-
cepted to be indirect bandgap materials.[”3¥] Furthermore, given
that first principles calculations have pinned the difference be-
tween the direct and the indirect band gap to ~0.1 eV,?%*] we
can preclude any contribution to the PL (in case of Ag-Bi iodides)
from direct radiative recombination across the indirect band gap.
Therefore, while a number of causes can give rise to such a
broad and Stokes-shifted PL (including inhomogeneous broad-
ening from disorder, strongly lattice coupled defect PL and the
formation of a self-trapped exciton) #8711 based on our obser-
vations of ultrafast charge-carrier localization discussed above,
we attribute such broad, redshifted PL to emission from the self-
localized state.

Interestingly, the observed PL for all compositions deviates
from a simple single lineshape function, and instead displays a
number of features suggesting the presence of multiple, poorly-
resolved PL peaks. We posit that multiple radiative pathways ex-
ist in Ag-Bi iodides, possibly originating from multiple energet-
ically diverse localized states and/or strongly lattice-coupled de-
fect states in the material. Thus, we fit the PL lineshape for all
the studied thin films with a sum of Lorentzian peak functions,
to resolve the individual peaks. We note that while there is limited
utility of a multi-peak analysis in the absence of more informa-
tion about the number of peaks and dominant defect energies,
it may be cautiously used to analyze broad trends in PL across
the series. We find that three Lorentzian peaks are necessary to
describe the measured data for the alloyed series, with the excep-
tion of Bils, for which just two Lorentzian peaks are sufficient to
describe the PL (as shown in Figure 4a—e). For the Ag-Bi iodide
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Figure 4. a—e) Photoluminescence (PL) spectra for (Agl),(Bil;), thin films with varying compositions measured following 532 nm continuous wave
excitation. The measured PL was detected using a cooled Si-CCD in the high-energy range (600-1100 nm) and a cooled InGaAs detector in the low-
energy range (950-1600 nm). The experimental data shown by colored cross markers was obtained by combining the PL measured on both detectors
through stitching based on a protocol described in Supporting Information. The PL was fit with a sum of several Lorentzian functions shown in the
colored solid line with the individual Lorentzians plotted as shaded area curves. f) Composition-dependent variation in PLyg,,/PLyjg (round markers,
right axis) calculated as the ratio of the high-energy contribution (area under peak P;) and the low-energy contribution (sum of areas under the peaks P,
and P,). Composition-dependent average photon energy Ejpoion (square markers, left axis) calculated as the intensity weighted average of the photon
emission energy (= YN, E;/> N, where N, is the number of detected photons with energy lying within an interval of width AE centered at E; which
corresponds to the PL intensity measured at E;). Dashed lines are guides to the eye.

emission spectra we thus label the peaks P1, P2, and P3 going It has previously been suggested that, owing to their lower
from low to high photon energy. charge-carrier mobility, localized charge carriers cannot effi-

While the observed PL trends might qualitatively suggest that  ciently sample the full energetic landscape in a material, thus
increasing the Ag content in the composition leads to a larger  causing a violation of the Kasha—Vavilov principle (which states
red shift in the PL, our Lorentzian fits interpret this red shift  that the emission always originates from the lower energy
as a result of the relative suppression of the high-energy peak  state).?] In the presence of multiple, spatially-separated emit-
P, in compositions with higher fractional Ag content. As shown  ting centers, such limitation of charge-carrier motion can lead
in Figure 4f, such hypothesis is further supported by the cal-  to competing emissions from a range of low- and high-energy
culated ratio Py, /P, of the area under the low-energy emis-  states, with relative intensities depending on the strength of the
sion peaks (P, and P,) and the area under high-energy emission  charge-carrier localization (i.e., on the mobility of the localized
peak (P;) plotted against the percentage of Ag contentin the total ~ state). According to this interpretation, the lowering of PL emis-
cationic (Ag and Bi) presence, calculated as 100XN,,/(N,,+Ny;).  sion energies with increasing Ag fraction may thus be associated
The figure clearly indicates an increasing trend in P, /P, with  with weaker charge-carrier localization allowing for more effi-
increasing Ag fraction in the overall cation content. We note  cient charge-carrier exploration of the energetic landscape and
that the trend does not depend on the arbitrary choice of high-  funneling into lower-energy states. Resolving the exact nature of
and low-energy peaks. We observe the same effect through an  these luminescent states requires in-depth knowledge about the
alternative metric, that is, by calculating the average energy of  energetic levels of self-trapped and defect states in the system,
emitted PL photons, Ej,,,, Which is also plotted against the ~ which are currently still debated in literature. Previous experi-
Ag content in Figure 4f, where E .., = 2 N;E;/2N;, and N;  mental investigations into the defect levels in Ag;Bil; by Merker
is the number of detected photons with energy lying between et al. revealed the presence of deep traps 0.6 eV away from the
E; and E+AE. The average emission energy E,,, decreases  band edge.*”) On the other hand, Pecunia et al. used photoin-
from 1.2 eV for AgBi,I, to ~1 eV for Ag,;Bil; with increasing  duced current transient spectroscopy (PICTS) to identify two de-
Ag content, compatible with the suppression of high energy fectlevels with energetic depths of 0.25 and 0.33 eV relative to the
emission. relevant band edges.[®!] It is likely that a range of luminescent
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defects of different levels could be present, with different en-
ergetic offsets compared to the band edges, which would con-
tribute to the observed broad-ranging PL. More detailed investi-
gations into the levels of the self-trapped states contributing to
the broad luminescence would thus be an interesting subject of
future study.

The measured PL spectrum for Bil, corresponds well to previ-
ously reported spectra for the material.*>72] The observed emis-
sion for Bil; is blue-shifted and narrower compared to those
measured for Ag-Bi iodides, suggesting the presence of weaker
electron-phonon coupling in Bil;. Notably, for Bil;, we do not ob-
serve the low-energy PL peaks exhibited by the alloyed Ag-Bi io-
dides, though we suspect that in this case the absence of it is more
likely to be associated with different chemistry or defect density
and does not exclusively depend on the strength of charge-carrier
localization in the material.

3. Discussion

Taken together, our results show clear trends in self-localization
of charge carriers across the series of (Agl),(Bil;), semiconduc-
tors, manifested by ultrafast, picosecond loss in conductivity and
broad, redshifted photoluminescence. We thus proceed to dis-
cuss the mechanisms underlying such localization processes in
(Agl),(Bil;),. The endpoints of the series, Bil; and Agl show the
lowest degrees of charge-carrier localization, with Agl exhibiting
none, and Bil; a small degree of localization. However, for the
mixed Ag-Bi compositions, (Agl),(Bil;), rudorffites exhibit rela-
tively severe localization, with mobility retention factors increas-
ing with increases in silver content. We discuss below three fac-
tors that are likely to contribute to these trends, that is, the frac-
tion of vacancies in the cationic sublattice, changes in electronic
dimensionality, and cation disorder.

First, we discuss the role of vacancies in the cationic sublattice
in the trends in self-localization observed across the mixed Ag-
Bi iodide series. As discussed previously, such vacancies (which
refer to empty cationic sublattice sites) are incorporated within
a perfect crystal structure of Bil, and Ag-Bi iodides in order to
satisfy charge-balance constraints and are different from vacancy
defects which generally arise from the loss of an ion from its
original lattice site. In Figure 3e, we plot across the mixed Ag-
Bi compositions the mobility retention factor R as a function of
the fraction of vacancies in the cationic sublattice (see Support-
ing Information for details of determination). We find that higher
fractions of vacancies in the crystal structure are correlated with
stronger self-localization of charge carriers (i.e., with a smaller
mobility retention). While there are no literature reports about
the correlation between charge-carrier localization and vacancies
in the crystal to the best of our knowledge, we interpret this cor-
relation in terms of the structural effect of lattice vacancies. As
already discussed, short-range interactions such as the acoustic
deformation potential are essential to the formation of small po-
laron states in semiconductors.!”?] Past studies have shown a link
between lattice softness and vacancies, such as in the work by Tan
et al. where Sn vacancies were found to lead to an enhancement
in lattice softening in SnTe-AgSbTe, alloys.!”*] Therefore, we posit
that the presence of lattice vacancies yields more deformable crys-
tal structures, and that such effects may lead to stronger polaronic
effects and charge-carrier localization.
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In order to explain the weaker localization in the end point
composition Bil; compared to the alloyed (Agl),(Bil;),, we fur-
ther note that the electronic dimensionality of the material has
a significant impact on charge-carrier localization in a material.
While Ag-Bi iodides crystallize in a 3D structural network, by
transferring the VBM onto Ag-4d orbitals while the CBM remains
on the Bi-6p orbitals,’’] the addition of silver likely leads to a
pseudo-zero electronic dimensionality in these materials as has
been previously proposed for Ag-Bi double perovskites.l*’] In con-
trast, Bil, exhibits a 2D structural network and therefore most
likely an electronic dimensionality larger than one. Therefore, we
suggest that the steep enhancement in the strength of localiza-
tion on going from Bil, to mixed Ag-Bi iodides is a function of a
sudden change in electronic dimensionality.

An additional reason why self-localization of charge carriers is
much more severe in the mixed Ag-Bi compositions (Agl),(Bil;),
than for Bil; may be found in cation disorder that is only found
in the alloys. By moving from binary to ternary compositions,
Ag-Bi alloying introduces an added parameter of cation disor-
der which may have a clear effect on charge-carrier transport
in (Agl),(Bil;),. The impact of cation disorder has been studied
in other disordered materials such as kesterites (CZTS), where
the formation of localized states mediated by cation segregation
was found to detrimentally impact charge-carrier transport.[””!
Recently, Righetto et al. examined the impact of cation disor-
der on the charge-carrier localization in AgBiS,.l*"! Here, the for-
mation of segregated Ag-rich and Bi-rich domains was found to
cause stronger charge-carrier localization as a result of a more
disordered energetic landscape to which small polarons are par-
ticularly susceptible. We, therefore, propose that cation disorder
may also lead to similar charge-carrier transport inhibition in
the alloyed Ag-Bi iodides investigated here, thus explaining the
stronger charge-carrier localization observed in ternary composi-
tions as compared to their binary endpoints.

4. Conclusion

In this work, we have examined the optoelectronic properties
of (Agl),(Bil;), thin films to elucidate the impact of changing
Ag/Bi ratios on the charge-carrier dynamics and emissive prop-
erties of these semiconductors. We used a combination of steady-
state (UV-vis absorption and PL) and transient (OPTP and TA)
spectroscopic techniques to investigate trends with changing
chemical composition. Observing invariant absorption onsets
and charge-carrier mobility of the initially formed delocalized
state, we conclude that varying the Ag/Bi has little impact on the
electronic structure near the band edge. This observation is sur-
prising, given the compositionally varying crystal structure, and
we interpret it as a verification of the previously suspected low
electronic dimensionality of Ag-Bi iodides. Our transient spec-
troscopic measurements reveal the presence of ultrafast charge-
carrier localization in both Bil; and Ag-Bi iodides on a picosec-
ond time scale. By thus demonstrating that the presence of Ag*
cations is not necessary to the emergence of a localization process
in Bi-based PIMs, we show that these effects cannot be simply
attributed to soft silver-halide bonds alone. However, our find-
ings reveal that mixed Ag-Bi iodides do exhibit stronger charge-
carrier localization compared to the endpoint Bil;, which we at-
tribute to a combination of reduced electronic dimensionality and
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enhanced cation disorder. Within the Ag-Bi iodide series, the
impact of reducing silver content manifests as an increase
in structurally incorporated vacancies that leads to stronger
charge-carrier localization, which we attribute to enhancements
in vacancy-mediated lattice softening. Overall, our study ad-
dresses a gap in understanding the structure-property relation-
ships that fundamentally impact the charge-carrier dynamics of
(Agl),(Bil;), and lays a foundation for the design of Bi-based
PIMs with enhanced performance.
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